Background: Intrauterine inflammation activates the fetal immune system and can result in organ injury and postnatal complications in preterm infants. As the spleen is an important site for peripheral immune activation, we asked how the fetal spleen would respond to intrauterine inflammation over time. We hypothesized that intraamniotic lipopolysaccharide (IA LPS) exposure induces acute and persistent changes in the splenic cytokine profile and T-cell composition that may contribute to the sustained fetal inflammatory response after chorioamnionitis. Methods: Fetal sheep were exposed to IA LPS 5, 12, and 24 h and 2, 4, 8, or 15 d before delivery at 125 d of gestational age (term = 150 d). Splenic cytokine mRNA levels and cleaved caspase-3, CD3, and Foxp3 expression were evaluated. results: IA LPS increased interleukin (IL)1, IL4, IL5, and IL10 mRNA by twofold 24 h after injection. Interferon gamma increased by fivefold, whereas IL23 decreased 15 d post-LPS exposure. Cleaved caspase-3-positive cells increased 2 and 8 d after LPS exposure. CD3 immunoreactivity increased within 5 h with increased Foxp3-postive cells at 12 h. conclusion: Intrauterine inflammation induced a rapid and sustained splenic immune response with persistent changes in the cytokine profile. This altered immune status may drive sustained inflammation and injury in other fetal organs. e xposure to intrauterine inflammation is a major risk factor for spontaneous preterm birth and adverse neonatal complications (1). Chorioamnionitis, an often polymicrobial induced inflammation of the chorioamniotic membranes, is present in up to 60% of all preterm births below 30 wk of gestation (1). Exposure of the fetus to intrauterine inflammation through contact with contaminated amniotic fluid or through the placental-fetal circulation can induce a systemic response referred to as the fetal inflammatory response syndrome (2). Systemic activation of the fetal immune system is associated with multiorgan inflammation and injury, mainly in the lungs, brain, and gut (2). Preterm infants affected by fetal inflammatory response syndrome are subsequently at increased risk for respiratory, neurodevelopmental, and intestinal complications such as bronchopulmonary dysplasia, cerebral white matter injury, and necrotizing enterocolitis, which are conditions associated with tissue inflammation (3).
e xposure to intrauterine inflammation is a major risk factor for spontaneous preterm birth and adverse neonatal complications (1) . Chorioamnionitis, an often polymicrobial induced inflammation of the chorioamniotic membranes, is present in up to 60% of all preterm births below 30 wk of gestation (1) . Exposure of the fetus to intrauterine inflammation through contact with contaminated amniotic fluid or through the placental-fetal circulation can induce a systemic response referred to as the fetal inflammatory response syndrome (2) . Systemic activation of the fetal immune system is associated with multiorgan inflammation and injury, mainly in the lungs, brain, and gut (2) . Preterm infants affected by fetal inflammatory response syndrome are subsequently at increased risk for respiratory, neurodevelopmental, and intestinal complications such as bronchopulmonary dysplasia, cerebral white matter injury, and necrotizing enterocolitis, which are conditions associated with tissue inflammation (3) .
Activation of the fetal immune system by intrauterine exposure to inflammation is considered to be a key event in the multiorgan consequences following chorioamnionitis. Changes in the balance of inflammatory cells vs. regulatory T cells, and the Th1/Th2 cytokine profile, result in a proinflammatory shift in the immune response, as demonstrated in experimental models of in utero inflammation and in preterm infants born after chorioamnionitis (4, 5) . This T-cell-driven sustained immune activation is associated with chronic inflammation and injury in the fetal lungs and gut that might lead to postnatal complications such as bronchopulmonary dysplasia and necrotizing enterocolitis (6, 7) . Also, shrinkage and lymphocyte depletion of the thymus and spleen have been reported in preterm infants who were exposed to intraamniotic (IA) inflammation (8, 9) . As the thymus and spleen are two primary organs responsible for T-cell development, function, and activation, changes in their tissue homeostasis or microenvironment can profoundly alter the local and peripheral immune function contributing to adverse neonatal outcomes and enhanced vulnerability for infections postnatally (10) (11) (12) .
Therefore, we asked how intrauterine inflammation affected the immune cell population and cytokine profile of the fetal spleen, which is an important site for peripheral immune cell activation. As little is known about the dynamics of how the developing fetal immune system is able to respond to an inflammatory stimulus in the amniotic fluid, we aimed to investigate the splenic immune response in a time-related manner thereby capturing both very early and late immunological changes. Fetal sheep were exposed to IA LPS from 5 h up to 15 d before preterm delivery. We hypothesized that IA LPS exposure would induce acute and persistent changes in the splenic cytokine profile and T-cell composition, resulting in sustained changes in the immune homeostasis of the fetal spleen.
RESULTS

Splenic Cytokine mRNA Profile
The mRNA levels of interleukin (IL)1 increased about twofold 2, 8, and 15 d after IA LPS exposure with a transient decrease at 4 d compared with controls (Figure 1a) . IL4 mRNA increased by around twofold from 12 h to 15 d after LPS administration (Figure 1b) . IA exposure to LPS resulted in increased splenic IL5 mRNA levels at early time points followed by reduced levels 4 d after the injection (Figure 1c) . Splenic IL6 (Figure 1d ) levels were decreased by 50% 4 d after the LPS injection. IL10 mRNA increased significantly at 24 h and 2, 8, and 15 d post-LPS exposure and decreased at 4 d after the exposure compared with controls (Figure 1e) . LPS exposure induced splenic IL17 levels at 24 h and 8 d (Figure 1f) , whereas it reduced IL23 mRNA at 5, 12 and 24 h and 4 and 15d (Figure 1g) . Splenic interferon gamma (IFNγ) mRNA levels were increased as early as 5 h after the LPS injection and were elevated up to 15 d after the exposure (Figure 1h ). No differences in splenic IL13 mRNA levels were detected (data not shown).
CD3-Positive T Cells in the Fetal Spleen
Representative images for the splenic CD3 expression are shown for controls (Figure 2a) and for 5 h LPS-exposed animals (Figure 2b) . IA exposure to LPS increased the percentage of CD3-positive stained area in the fetal spleen as early as 5 h after the injection (Figure 2c ). CD3 immunoreactivity increased by twofold 2 and 4 d after LPS exposure as compared with controls.
Increased Splenic Foxp3-Positive Cells After LPS Exposure
Representative images of Foxp3-positive cells are shown for controls (Figure 3a) and 12 h LPS-exposed animals (Figure 3b) . The number of splenic Foxp3-positive cells per field of view increased at 12 h after the LPS exposure compared with controls (Figure 3c ).
Apoptosis in the Fetal Spleen
Apoptosis in the fetal spleen was determined by immunohistochemical staining for cleaved caspase-3. Splenic cleaved caspase-3 expression is shown for controls (Figure 4a ) and 8 d LPS-exposed animals ( Figure 4b ). The number of cleaved 
DISCUSSION
We report the immunological response of the fetal spleen to intrauterine inflammation over time in a preterm lamb model of chorioamnionitis. IA LPS exposure induced a complex pattern of changes in the splenic cytokine profile and increased CD3 expression, a marker for effector T cells. Cytokine changes in the fetal spleen were detectable as early as 5 h after the injection of LPS and for up to 15 d after the onset of inflammation, indicating that intrauterine exposure to an inflammatory stimulus caused a rapid and sustained response in the fetal spleen. This splenic inflammatory response may contribute to the multiorgan inflammation and injury after IA inflammation by persistent production of proinflammatory cytokines and activated immune cells into the systemic circulation. We have reported sustained inflammation in the lungs (13), gut (14) , liver (15) , and brain (16) of animals exposed to IA LPS up to 15 d after administration. Persistent tissue inflammation was accompanied by lung injury and delayed alveolar development (17) , mucosal damage, villus atrophy, and impaired development in the gut (14, 18) and white matter injury in the brain (16) , which are all clinical hallmarks of adverse neonatal outcomes.
Little is known about the dynamic changes in the fetal organs following an inflammatory stimulus in the amniotic fluid.
It is also not clear which organs mount the initial response. Previous studies showed that increased cytokine levels are detected in the fetal lungs as early as 2 h after IA LPS exposure (19) . The fetal skin has responded by 12 h after the injection of an inflammatory stimulus, whereas the gut shows signs of inflammation after 3 d (20, 21) . Here, we demonstrate that the fetal spleen mounts a biphasic inflammatory response following a single dose of IA LPS within 5 h. The early splenic responses (5-24 h) included production of cytokines IL4, IL5, IL10, IL17, and IFNγ and increased expression of CD3 (effector T cells) and Foxp3-positive cells. Following a transient normalization or reduction of the majority of the cytokine levels in the fetal spleen at 4 d post-LPS exposure, a second splenic inflammatory phase can be distinguished 8-15 d after the exposure. LPS cannot be detected in the peripheral blood after IA administration (19) . As such, we speculate that the biphasic response in the spleen represents an indirect effect of the LPS exposure. The initial, acute inflammatory response to IA LPS potentially starts in the fetal lungs and is propagated to the spleen and lymph nodes by migrating dendritic cells (22) . Subsequently, the late splenic inflammatory phase can be triggered by the systemic response and persistent inflammation in the peripheral organs such as the gut and brain.
During the early phase of inflammation, we detected a transient increase in the number of Foxp3-positive cells, which are considered to be markers for regulatory T cells (23). 
Response of fetal spleen to inflammation
Articles
Regulatory T cells are present in the human fetal thymus and spleen from 15 wk of gestation. These regulatory T cells can inhibit the proliferation of CD4 + T cells in vitro, demonstrating their functionality early in development (24) . Upon interaction with the antigen in the spleen, regulatory T cells migrate from the lymphoid tissue to the site of tissue inflammation to exert their immune suppressive capacities. We speculate that the initial increase in splenic Foxp3-positive cells at 12 h reflects the transient activation and subsequent migration of regulatory T cells from the spleen via the systemic circulation to the periphery to regulate the immune response on site, as for example, we detected Foxp3-positive cells in the fetal lungs (25) . Furthermore, the fetal spleen mounts complex changes in the cytokine profile following intrauterine LPS administration, both in the early and the late phases. Both Th1 and Th2 cytokines were elevated at 24 h after LPS administration with upregulation of IFNγ as the prominent Th1 cytokine and increased levels of IL4 and IL5 as Th2 cytokines. As these cytokines stimulate the differentiation of T helper and effector cells, the early increase in CD3 expression in the spleen might be under the influence of these cytokine changes (26) .
Decreased levels of splenic IL23 mRNA were prominent in the early phases of immune activation after LPS exposure although IL17 levels increased later on. IL23 is a key to the late stages of differentiation of Th17 cells that are the main producers of IL17 during inflammation (27) . Of note, also neutrophils, macrophages, and natural killer cells are known to produce and secrete IL17 especially in the early phases of the immune response (28) . This may provide an alternative explanation for the increased levels of IL17 in the fetal spleen without concomitant IL23 induction in this model. Lavoie et al. (29) showed that preterm infants have a severe deficiency in TLR-stimulated IL23 production which may partly explain their increased susceptibility for postnatal infections. The decreased IL23 levels we report in this model may be indicative of the inadequate immune response seen in preterms. After the transient normalization period, we detected a second increase in the cytokine levels, demonstrating the prolonged activation of the immune cells in the fetal spleen. However, characterization of the different T-cell subsets in the fetal spleen will be necessary to gain a better understanding of the complex patterns of cytokine changes in the fetal spleen after intrauterine exposure to inflammation.
Splenic immune responses to IA LPS exposure in this model were detectable up to 15 d. These results are in line with previous findings that IA LPS exposure induces persistent inflammation in the fetal epithelial organs (1, 14, 19) . This sustained tissue inflammation can trigger a systemic inflammatory response in the fetus which further reinforces the inflammatory processes in the periphery. Furthermore, LPS could be detected in the amniotic fluid up to 15 d. This provoked a local production of proinflammatory cytokines by white blood cells that were recruited into the amniotic cavity and placental membranes. This ongoing proinflammatory stimulus subsequently can drive the existing sustained inflammation in the fetus (13, 20, 30) , which is associated with an increased risk for adverse outcomes such as brain damage and pulmonary and intestinal complications (31, 32) .
In summary, we report that the fetal spleen has complex time-dependent responses following IA inflammation in preterm sheep. There are limitations to this study as we do not have spleen weights and did not characterize the splenocyte subpopulations and various receptor expressions due to lack of appropriate tissue samples and antibodies cross-reacting with sheep. Furthermore, the underlying mechanistic approaches of the inflammatory changes in the fetal spleen or the consequences of these acute changes on the long-term (postnatal) function of the immune system remain to be elucidated. Despite these limitations, we were able to demonstrate that an inflammatory stimulus in the amniotic fluid can elicit complex, dynamic biphasic immunological responses in the developing fetal spleen, which is the major site of peripheral immune activation and regulation. This report contributes to a better understanding of how IA exposure to inflammation can alter the fetal immune response and how this may relate to the multiorgan inflammation and injury following chorioamnionitis in preterm infants. No differences were observed between control animals that received saline injections at different time points before delivery, and the control animals were therefore combined in one group (n = 5). The preterm lambs were killed after surgical delivery. Splenic tissue was removed and snap-frozen or fixed in 10% buffered formalin for 24 h. 
METHODS
Experimental Animal Study
